pyridine and the intramolecular N,O-acetylation of N-hydroxy-N-acetyl-2-aminofluorene. The apparent V max of the novel recombinant NAT2 allozymes NAT2 6C, NAT2 14C, NAT2 14D, and NAT2 14E towards AF, 4-aminobiphenyl (ABP), and 3,2′-dimethyl-4-aminobiphenyl (DMABP) were each significantly (p < 0.001) lower while their apparent K m values did not differ significantly (p > 0.05) from recombinant NAT2 4. The apparent V max catalyzed by NAT2 14C and NAT2 14D were significantly lower (p < 0.05) than the apparent V max catalyzed by NAT2 6C and NAT2 14E towards AF, ABP, and DMABP. Heat inactivation rate constants for recombinant human NAT2 14C, 14D, 14E, and 18 were significantly (p < 0.05) higher than NAT2 4. These results provide further evidence of genetic heterogeneity within the NAT2 slow acetylator phenotype.
Introduction
Human N-acetyltransferase 2 (NAT2) catalyzes N-acetylation, O-acetylation, and N,O-acetylation of aromatic and heterocyclic amine drugs and carcinogens. A genetic polymorphism in NAT2 modifies the efficacy and/or toxicity following administration of numerous drugs (Weber and Hein 1985; McDonagh et al. 2014) . Human NAT2 also catalyzes the N-acetylation and O-acetylation of xenobiotics and carcinogens (Hein 1988) . Genetic polymorphisms in NAT2 have been shown to be associated with differential susceptibility to various cancers, particularly urinary Abstract Human N-acetyltransferase 2 (NAT2) catalyzes the N-acetylation of numerous aromatic amine drugs such as sulfamethazine (SMZ) and hydrazine drugs such as isoniazid (INH). NAT2 also catalyzes the N-acetylation of aromatic amine carcinogens such as 2-aminofluorene and the O-and N,O-acetylation of aromatic amine and heterocyclic amine metabolites. Genetic polymorphism in NAT2 modifies drug efficacy and toxicity as well as cancer risk. Acetyltransferase catalytic activities and heat stability associated with six novel NAT2 haplotypes (NAT2*6C, NAT2*14C, NAT2*14D, NAT2*14E, NAT2*17, and NAT2*18) were compared with that of the reference NAT2*4 haplotype following recombinant expression in Escherichia coli. N-acetyltransferase activities towards SMZ and INH were significantly (p < 0.0001) lower when catalyzed by the novel recombinant human NAT2 allozymes compared to NAT2 4. SMZ and INH N-acetyltransferase activities catalyzed by NAT2 14C and NAT2 14D were significantly lower (p < 0.001) than catalyzed by NAT2 6C and NAT2 14E. N-Acetylation catalyzed by recombinant human NAT2 17 was over several hundred-fold lower than by recombinant NAT2 4 precluding measurement of its kinetic or heat inactivation constants. Similar results were observed for the O-acetylation of N-hydroxy-2-aminofluorene and N-hydroxy-2-amino-1-methyl-6-phenylimidazo 1 3 bladder cancer (Golka et al. 2002; Garcia-Closas et al. 2005; Moore et al. 2011; Selinski et al. 2013) . Associations also have been reported with colorectal adenoma (Moslehi et al. 2006 ) and polyps (Shin et al. 2008) , particularly when combined with exposures to tobacco or dietary carcinogens and genetic polymorphisms in multiple enzymes that metabolize these carcinogens (Fu et al. 2012 (Fu et al. , 2013 . As recently reviewed (Hein 2017) , several studies have reported that associations of NAT2 genetic polymorphism with breast cancer (Deitz et al. 2000; Ambrosone et al. 2008) are strongest in smokers who are "very slow" acetylators (van der Hel et al. 2003; Baumgartner et al. 2009; Conlon et al. 2010) .
Previous papers have discussed the possibility of genetic heterogeneity within the slow acetylator phenotype (Hein 2002 (Hein , 2009 ) and following evidence obtained from the in vivo metabolism of caffeine (Ruiz et al. 2012 ) a recent guest editorial (Selinski et al. 2015a ) highlighted the importance of identifying and accounting for "ultra-slow" acetylators to enable more accurate and robust assessments of the effects of NAT2 genetic polymorphism on drug toxicity and cancer risk, and other health contexts such as cognitive function (Selinski et al. 2015b) .
The first comprehensive review of NAT2 alleles or haplotypes was published over 20 years ago (Vatsis et al. 1995) and recent updates have been reported (Walker et al. 2009; McDonagh et al. 2014) . Individual single nucleotide polymorphisms (SNPs) in human NAT2 haplotypes have been characterized following recombinant expression in yeast (Fretland et al. 2001) . Human NAT2 alleles with the single SNPs 191G>A, 341T>C, or 434A>C clearly resulted in reduced N-acetyltransferase activities, whereas recombinant expression of human alleles with the single SNPs 282C>T, 481C>T, 803A>G did not. Recombinant expression of 845A>C in yeast resulted in somewhat ambiguous findings, with slight but non-significant (p > 0.05) reductions in N-acetyltransferase activity. Similarly, recombinant expression of human NAT2 alleles in COS-1 cells with the single SNPs 191G>A and 341T>C clearly resulted in reduced N-acetyltransferase activities, whereas recombinant expression of human alleles with the single SNPs 282C>T, 481C>T, 803A>G did not (Zang et al. 2007 ). Recombinant expression of human NAT2 alleles with the single SNPs 434A>C or 845A>C have not been reported in COS-1 cells.
Six novel NAT2 haplotypes have previously been identified in human population studies (Lin et al. 1994; Martinez et al. 1995; Agundez et al. 1996) . As summarized in Table 1 , these six novel human NAT2 haplotypes (possessing the single nucleotide polymorphisms in parenthesis) are NAT2*6C (282C>T; 590G>A; 803A>G), NAT2*14C (191G>A; 341T>C; 481C>T; 803A>G), NAT2*14D (191G>A; 282C>T; 590G>A), NAT2*14E (191G>A; 803A>G), NAT2*17 (434A>C), and NAT2*18 (845A>C). The importance of genetic heterogeneity within the slow acetylator phenotype has been emphasized particularly in cancer risk assessments (Hein 2009; Selinski et al. 2013 Selinski et al. , 2015a . Although the frequency of these novel NAT2 haplotypes is relatively rare in the human populations studied (Lin et al. 1994; Martinez et al. 1995; Agundez et al. 1996) , Golka et al. (2002) have described the importance of ethnic differences in the effects of slow NAT2 acetylator phenotype on urinary bladder cancer susceptibility, which may be caused at least in part by the frequency of NAT2 haplotypes among different ethnic groups. For example, the NAT2*6C haplotype was identified in a molecular epidemiological investigation of NAT2 acetylator phenotype on gastric cancer among Koreans (Zhang et al. 2009 ). Failure to account for and understand relationships between NAT2 genotype and phenotype leading to misclassification compromises molecular epidemiological investigations (Deitz et al. 2004) .
To further explore a molecular basis for genetic heterogeneity within the slow acetylator phenotype, the N-, O-, and N,O-acetyltransferase activities and kinetic and heat inactivation rate constants of six novel human NAT2 allozymes were compared with that of the reference human NAT2 4 allozyme following recombinant expression in Escherichia coli.
Materials and methods

Source of human NAT2 haplotypes
Human colon surgical samples were obtained from the National Disease Research Interchange (Philadelphia, PA, USA) or the National Cancer Institute Cooperative Human Tissue Network. Colon tissues were snap frozen, placed at −70 °C within 1 h of removal, and shipped on dry ice. DNA was isolated from colon tissue following proteinase K digestion, phenol-chloroform extraction, and ethanol precipitation.
PCR amplification, cloning and sequencing of NAT2 haplotypes
DNA was isolated from colon tissue and the primers and procedures used for PCR amplification of human NAT2 were as previously reported (Hein et al. 1994a ). Following amplification, NAT2 PCR products were gel-purified, digested with EcoRI and SphI, ligated to similarly cut pUC19, and transformed into Escherichia coli strain DH5α competent cells (Gibco-BRL, Gaithersburg, MD, USA). Since Taq DNA polymerase lacks an editing function, representative clones were always obtained from at least two independent PCRs. NAT2 PCR clones were sequenced by a modified double-stranded dideoxy chain termination method (Sanger et al. 1977) using Sequenase (US Biochemical, Cleveland, OH, USA). Once identified, NAT2 cloned alleles were digested with EcoRI and HindIII endonucleases to generate cohesive ends for ligation into EcoRI/HindIII-digested pKK223-3 prokaryotic expression vector, and transformed into competent Escherichia coli strain JM105 as described previously (Hein et al. 1994a ).
Construction of NAT2 haplotypes
NAT2 haplotypes were generated by digestion of NAT2*4,*5B,*5C,*12B, or *14A alleles with appropriate endonucleases, followed by fragment isolation and religation as previously described (Hein et al. 1994a) . Following religation, constructs of the NAT2 alleles were transformed into competent Escherichia coli JM105 cells.
Expression of recombinant human NAT2 4 and novel human NAT2 allozymes
JM105 bacteria harboring the human NAT2 plasmids were grown up overnight in Luria-Bertani (LB) medium containing 100 µg/ml ampicillin (LB-Amp) at 37 °C. Fresh LBAmp broth was re-inoculated and NAT2-expression bacteria were grown to approximately 0.5 OD 600nm . Isopropyl β-d-thiogalactopyranoside (1 mM) was added to the broth for induction, and the cultures were grown for an additional 3 h. The cells were harvested by centrifugation at 4000×g for 10 min, then resuspended in 20 mM sodium phosphate buffer, pH 7.4, containing 1 mM EDTA and DTT, 10 µM leupeptin, and 100 µM phenylmethanesulfonyl fluoride to 5% of original culture volume. The cells were sonicated for 6 × 30 s on ice with a probe sonicator. Lysates were centrifuged at 15,000×g for 15 min to pellet bacterial debris. The supernatants were assayed for protein and acetyltransferase activities as described below.
N-Acetyltransferase assays
N-Acetyltransferase assays towards sulfamethazine (SMZ) and isoniazid (INH) were conducted in duplicate reactions containing bacterial lysate (<2 mg of protein/ml), 300 µM SMZ or INH, and 1 mM acetyl coenzyme A (AcCoA) at 37 °C for time periods that activity is linear with time. Reactions were terminated by the addition of 1/10 volume of 1 M acetic acid. The reaction tubes were centrifuged to precipitate protein. The amount of acetyl-SMZ produced was determined following separation and quantitation by high performance liquid chromatography as described previously (Leff et al. 1999) . The amount of acetyl-INH was determined following separation of INH and acetyl-INH using a 125 × 4 mm Lichrospher 100 RP-100 5 µM 1 3 C18 HPLC column eluted with an isocratic gradient of 86% 25 mM sodium phosphate, 10 mM heptane sulfonate pH 3.0, 14% acetonitrile. Acetyl-INH was quantitated by measuring the absorbance at 266 nm. Retention times for INH and acetyl-INH were 2.63 and 2.93 min, respectively.
N-OH-AF and N-OH-PhIP O-acetyltransferase assays
The AcCoA-dependent metabolic activation of [ring- 3 H] N-hydroxy-2-aminofluorene (N-OH-AF) and [ring- 3 H] N-hydroxy-2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (N-OH-PhIP) to products capable of forming DNA adducts was conducted as previously described (Hein et al. 1994b (Hein et al. , 1995 . The reaction mixture contained 20 mM sodium phosphate buffer (pH 7.4), 1 mM DTT, 1 mM EDTA, calf thymus DNA (1 mg/ml), and suitably diluted bacterial lysate. The initial [ring- 3 H] N-OH-AF or [ring-3 H] N-OH-PhIP and AcCoA concentrations were 100 µM and 2 mM, respectively. Since N-hydroxyarylamines have been shown to bind directly to DNA at neutral pH, reaction controls without AcCoA were subtracted from the experimental determinations. Assays were carried out for 20 min and terminated by adding 1 ml of ice-cold watersaturated n-butanol. The aqueous layer was extracted with phenol, and the DNA was precipitated and washed with 80% ethanol.
N-OH-AAF N,O-acetyltransferase assays
Assays for the metabolic activation of [ring-
3 H] N-hydroxy-N-acetyl-2-aminofluorene (N-OH-AAF) by N,O-acetylation were carried out as previously described (Hein et al. 1993) . The assay is similar to the N-hydroxyarylamine O-acetyltransferase assays described above except that all assays were carried out in the absence of AcCoA and controls used heat-denatured enzymes.
Protein determinations
Protein concentrations in the lysates were determined using the Bio-Rad protein assay (Bio-Rad, Richmond, CA, USA). Enzyme velocities were then normalized relative to the quantity [arbitrary units (U)] of immunoreactive NAT2 protein detected by Western immunoblot (Hein et al. 1994a ).
Determination of kinetic constants
N-acetyltransferase assays towards 2-aminofluorene (AF), 4-aminobiphenyl (ABP), and 3,2′dimethyl-4-aminobiphenyl (DMABP) were carried out as previously described (Hein et al. 1994a ) using a radiolabel assay that measures the formation of [ 3 H]-2-acetylaminofluorene product and utilizes [
3 H]-acetate in a [ 3 H]-AcCoA regenerating system. N-Acetyltransferase assays were carried out for 20 min at 37 °C in duplicate with AF substrate concentrations ranging from 0.5 to 500 µM in the presence of a fixed AcCoA concentration (1000 µM). N-acetyltransferase maximum velocities were calculated by linear regression of EadieHofstee plots as previously described (Fretland et al. 1997 ).
Determination of heat inactivation rate constants
Heat inactivation assays were conducted at 50 °C as previously described (Hein et al. 1994a ). Briefly, bacterial lysates diluted to 1 mg/ml in homogenization buffer were incubated at 50 °C for 5, 10, 20, 40, 60, or 80 min, transferred immediately to ice, and assayed for N-acetylation of AF. Results were normalized to activity of unincubated enzyme (time 0 = 100%) for the percentage of activity remaining. Heat inactivation rate constants were determined by fitting the data to a first-order decay curve using GraphPad Prism software.
Statistical analyses
Differences in catalytic activities, Michaelis-Menten kinetic constants, and heat inactivation rate constants among the recombinant NAT2 allozymes were tested for significance by one-way analysis of variance followed by Tukey-Kramer multiple comparisons test.
Results
N-Acetyltransferase activities
The recombinant human NAT2 allozymes catalyzed the N-acetylation of both SMZ and INH in the relative order NAT2 4>NAT2 6C, NAT2 14E, NAT2 18>NAT2 14C, NAT2 14D (Fig. 1) . SMZ and INH N-acetyltransferase activities catalyzed by NAT2 14C and NAT2 14D were significantly lower (p < 0.001) than catalyzed by NAT2 6C and NAT2 14E. The N-acetyltransferase activities catalyzed by NAT2 17 were below the limit of detection towards SMZ (<0.05 nmol/min/unit protein) and INH (<0.5 nmol/ min/unit protein).
O-and N,O-acetyltransferase activities
The recombinant human NAT2 allozymes catalyzed the O-acetylation of both N-OH-AF and N-OH-PhIP and the N,O-acetylation of N-OH-AAF in the relative order NAT2 4, NAT2 18>NAT2 6C, NAT2 14E, >NAT2 14C, NAT2 14D>NAT2 17 (Fig. 2) . The O-acetylation of N-OH-PhIP catalyzed by NAT2 17 was below the limit of detection (<3 pmol/min/mg DNA/U protein).
Michaelis-Menten kinetic constants for the N-acetylation of AF, ABP and DMABP
Apparent maximum velocities of the recombinant human NAT2 allozymes towards the N-acetylation of AF, ABP, and DMABP were in the rank order NAT2 4, NAT2 18>NAT2 6C, NAT2 14E, >NAT2 14C, NAT2 14D (Fig. 3) . The apparent V max catalyzed by NAT2 6C, NAT2 14C, NAT2 14D, NAT2 14E were significantly (p < 0.001) lower than catalyzed by NAT2 4 for AF, ABP, and DMABP. The apparent V max catalyzed by NAT2 14C and NAT2 14D were significantly lower (p < 0.05) than the apparent V max catalyzed by NAT2 6C and NAT2 14E towards AF, ABP, and DMABP. The N-acetyltransferase activities catalyzed by NAT2 17 were below the limit of detection which precluded determination of the apparent V max . The apparent K m towards AF, ABP, and DMABP were similar among recombinant human NAT2 4 and the novel human NAT2 allozymes (Fig. 4) .
Heat inactivation of recombinant human NAT2 allozymes
Intrinsic heat inactivation rate constants following incubations at 50 °C were in the order NAT2 4<NAT2 6C<NAT2 14C, NAT2 18<NAT2 14E<NAT2 14D and each except NAT2 6C differed significantly (p < 0.05) from NAT2 4 (Fig. 5) .
Discussion
Recombinant expression of human NAT2 alleles or haplotypes have previously been shown to produce equivalent levels of NAT2 immunoreactive protein upon heterologous expression in E. coli (Hein et al. 1994a; Hickman et al. 1995; Grant et al. 1997 ), contrary to observations in liver cytosols where the slow acetylator phenotype has reduced NAT2 immunoreactive protein compared to rapid acetylators (Grant et al. 1990; Doll et al. 2010) . Protein degradation pathways vary from single cell organisms such as bacteria to human cell lines (Wang et al. 2010 ) which likely accounts for the discrepancy. Although investigations of human NAT2 genotypes have been conducted in cryopreserved human hepatocytes, the novel NAT2 haplotypes in the present study have not been characterized in cryopreserved hepatocytes or any human tissues, due most likely to their very low frequency in human populations (Lin et al. 1994; Martinez et al. 1995; Agundez et al. 1996) .
As summarized in Table 1 , the recombinant human NAT2 allozymes catalyzed the N-acetylation of both SMZ and INH in the relative order NAT2 4>NAT2 6C, NAT2 14E, NAT2 18>NAT2 14C, NAT2 14D. Previous investigations following recombinant expression of human NAT2 alleles possessing one SNP in yeast reported that G191A, A434C, and G590A each individually reduced N-acetyltransferase activities significantly towards the N-acetylation The apparent V max catalyzed by NAT2 6C, NAT2 14C, NAT2 14D, NAT2 14E were significantly (p < 0.001) lower than catalyzed by NAT2 4 for AF, ABP, and DMABP. The apparent V max catalyzed by NAT2 14C and NAT2 14D were significantly lower (p < 0.05) than the apparent V max catalyzed by NAT2 6C and NAT2 14E towards AF, ABP, and DMABP Heat inactivation rate constants following incubations of human NAT2 allozymes at 50 °C Intrinsic heat inactivation rate constants were in the order NAT2 4<NAT2 6C<NAT2 14C, NAT2 18<NAT2 14E<NAT2 14D, and each except NAT2 6C differed significantly (p < 0.05) from NAT2 4 of SMZ and AF (Fretland et al. 2001) . Following these recombinant expressions in yeast, the relative order of activities was NAT2 4>G590A>G191A>A434C. Thus, the relative order of SMZ and INH N-acetylation among recombinant human NAT2 4 and the novel human NAT2 allozymes in the present study is consistent with the results reported previously in yeast (Fretland et al. 2001) , with the greatest effect of A434C (NAT2 17), and a lower reduction (but still significant) for G191A (NAT2 14C, 14D, 14E) and G590A (NAT2 6C). The N-acetyltransferase catalytic activities of the recombinant human NAT2 allozymes in the present study appear to reflect a greater effect from combinations of non-synonymous SNPs versus a single one. Thus the N-acetyltransferase activities catalyzed by NAT2 14C (possessing two non-synonymous SNPs resulting in R64Q and I114T) and NAT2 14D (two non-synonymous SNPs resulting in R64Q and R197Q) were significantly (p < 0.001) lower than NAT2 6C (possessing one non-synonymous SNP resulting in R197Q) and NAT2 14E (possessing one non-synonymous SNP resulting in R64Q). The lowest activity associated with NAT2 17 (possessing one non-synonymous SNP resulting in Q145P) is consistent with the previous results reported in yeast which also showed the greatest reduction in activity associated with this SNP (Fretland et al. 2001) .
The relative ability of human NAT2 4 and variant human NAT2 allozymes to catalyze O-acetylation and N,O-acetylation has previously been reported following recombinant expression in E. coli (Ferguson et al. 1994; Hein et al. 1994b Hein et al. , 1995 . The previous studies reported lower activities for NAT2 6A and 6B (which like NAT2 6C in the present study contain the signature non-synonymous SNP resulting in R197Q) and for NAT2 14A and 14B (which like NAT2 14C, 14D, and 14E in the present study contain the signature non-synonymous SNP resulting in R64Q) that were generally but not always reduced significantly. The current study provides much more comprehensive information for both O-and N,O-acetyltransferase activities clarifying the effects of both R64Q and R197Q on the metabolic activation of aromatic amine and heterocyclic amine carcinogens. Thus although both R64A and R197Q consistently reduced metabolic activation of N-OH-AF, N-OH-PhIP, and N-OH-AAF catalyzed by recombinant human NAT2, the presence of multiple non-synonymous SNPs reduced activity more than one of these did alone, analogous to the results described for the N-acetylation of SMZ and INH described above.
The catalytic activity of NAT 18 (possessing one non-synonymous SNP resulting in K282T) yielded a modest reduction in N-acetyltransferase activity that reached significance towards the N-acetylation of some substrates (SMZ and INH) but not others (AF, ABP, or DMABP) . This is consistent with the very modest but non-significant effect of K282T following recombinant expression in yeast (Fretland et al. 2001) . Similarly, NAT2 18 catalyzed the O-acetylation of N-OH-AF and N-OH-PhIP as well as the N,O-acetylation of N-OH-AAF at rates equivalent to NAT2 4. Thus, it appears that the effects of K282T and therefore the phenotype of the NAT2 18 allozyme is substrate dependent, as previously predicted (Walraven et al. 2008 ) and reported (Zang et al. 2007 ) for G286E, which also resides on the C-terminal tail of the NAT2 protein which can alter access to the active site (Hein 2009 ).
Apparent maximum velocities of the recombinant human NAT2 allozymes towards the N-acetylation of AF, ABP, and DMABP were in the rank order NAT2 4, NAT2 18>NAT2 6C, NAT2 14E, >NAT2 14C, NAT2 14D (Fig. 3) . The N-acetyltransferase V max of the recombinant human NAT2 allozymes also a greater effect from combinations of non-synonymous SNPs versus a single one. Thus the N-acetyltransferase V max catalyzed by NAT2 14C (possessing two non-synonymous SNPs resulting in R64Q and I114T) and NAT2 14D (possessing two non-synonymous SNPs resulting in R64Q and R197Q) were significantly (p < 0.05) lower than NAT2 6C (possessing one non-synonymous SNP resulting in R197Q) and NAT2 14E (possessing one non-synonymous SNP resulting in R64Q). The N-acetyltransferase activities catalyzed by NAT2 17 were below the limit of detection which precluded determination of the apparent V max . These results are consistent with the rank order for N-acetylation, O-acetylation, and N,O-acetylation described above. This result likely reflects the similar apparent affinities towards AF, ABP, and DMABP among recombinant human NAT2 4 and the novel human NAT2 allozymes characterized in the present study.
Intrinsic heat inactivation rate constants following incubations at 50 °C were in the order NAT2 4<NAT2 6C<NAT2 14C, NAT2 18<NAT2 14E<NAT2 14D and each except NAT2 6C differed significantly (p < 0.05) from NAT2 4. These findings are very consistent with previous findings in which the G191A non-synonymous SNP resulting in R64Q yielded very large reductions in the thermostability of human NAT2 following recombinant expression in E. coli (Ferguson et al. 1994; Hein et al. 1994a) and yeast (Fretland et al. 2001) . Similarly, the effect of the A845C (K282T) resulting in reduction in the thermostability of NAT2 18 following recombinant expression in E. coli in the present study is consistent with the effects following recombinant expression in yeast (Fretland et al. 2001) . The more modest effect of the G590A (R197Q) on the thermostability of NAT2 6C following recombinant expression in E. coli in the present study also is consistent with the effects following recombinant expression of the single nonsynonymous SNP in E. coli (Hein et al. 1994a ) and yeast (Fretland et al. 2001) .
3
In summary, the results of the present study support the molecular interactions in NAT2 catalytic activity and stability previously predicted for the novel NAT2 haplotypes (Walraven et al. 2008 ). Recent studies have described the importance of accounting for genetic heterogeneity in the slow NAT2 acetylator phenotype for drug efficacy/toxicity and carcinogen risk assessments (Hein 2009; Selinski et al. 2013 Selinski et al. , 2015a . The results of the present study characterize the catalytic properties and heat stabilities of novel recombinant human NAT2 allozymes and provide important genotype/phenotype data to support further the existence of genetic heterogeneity within the NAT2 slow acetylator phenotype. Genetic heterogeneity in N-acetyltransferase 2 slow acetylator phenotype also has recently been reported in cryopreserved human hepatocytes (Doll and Hein 2017) . Investigations of N-acetyltransferase catalytic activities associated with all NAT2 haplotypes in cryopreserved human hepatocytes would strengthen the conclusions of the present study.
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